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The characteristic current flow field around a 55 m deep full-scale stocked conical Atlantic salmon sea-cage
equipped with a 10 m permeable skirt was studied experimentally using acoustic Doppler velocimeters and
profilers. The weakest current speed was inside the cage at 6 m depth and the highest reduction downstream was
recorded behind the shielded volume. Downstream of the cage the reduction in speed became little to non-
existing at 22 m depth, probably due to the decreasing diameter of the cage with depth. To reduction in cur-

rent speed through the cage was compared with estimated reduction from theoretical expressions. The results
compared reasonably well downstream of the shielded cage, while the reduction inside the cage was higher than
the estimates. The difference in current flow field behind a conical cage compared with a cylindrical cage may
have implications for the dispersal of waste, feed pellets and microorganisms from the cage influencing the

benthic impact of the farm.

1. Introduction

The flow field characteristics around and through a sea cage govern
the distribution of feed, waste and dissolved oxygen in the cage, and the
sedimentation process that occurs under and behind the cage. How the
current flows through and around fish cages is determined by the farm
layout (Rasmussen et al., 2015), local topography, flow conditions at the
site (Klebert et al., 2013), biomass within the cage (Klebert et al., 2013;
Gansel et al., 2014; Klebert and Su, 2020) and the cage structure itself
(Klebert et al., 2015). Most cages used in Norway are of the “gravity”
type cages, which have a surface collar structure from which a net is
suspended. These nets are often weighed down by a sinker ring, resulting
in the net having a cylindrical shape above this ring, and a conical shape
beneath it.

As the current passes through the net a reduction in current speed
occurs (see for example: Lgland 1993; Patursson 2008; Klebert et al.,
2013). The reduction in current speed in combination with turbulence
induced by the net structure has a direct impact on the dispersal of
particle and micro-organisms such as pathogens and zooplankton (Kle-
bert and Su, 2020). The reduction in speed increases with solidity which
can be due to biofouling (Bi et al., 2013; Gansel et al., 2015), biomass in
cage (Klebert and Su, 2020) or increasing inclination angle between the
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net and vertical direction (Bi et al., 2013; Zhao et al., 2015). This in-
crease in inclination angle can be caused by the cage deformation, as
when exposed to strong currents the cage wall upstream and down-
stream are deformed, and the bottom net is lifted upwards (Fredheim,
2005; Lader et al., 2008; Lien et al., 2014; Klebert et al., 2015).

The reduction in current speed is further enhanced with the use of
lice shielding skirts (Frank et al., 2015). The high cost of delousing
treatments (Abolofia et al., 2017; Iversen et al., 2017) has led to an
increased use of lice shielding skirts as a preventative measure against
the salmon lice. Shielding skirts attempt to reroute the upper water
column around the cage which has a higher lice density than the deeper
levels (i.e. Huse and Holm 1993; Heuch et al., 1995; Hevrgy et al., 2003;
Oppedal et al., 2017; Geitung et al., 2019). These skirts are usually made
of tarpaulin, which block the current, and some sites experience low DO
levels when using such skirts (Stien et al., 2012), which reduces feed
intake and specific growth rates (Remen et al., 2014). To counter this,
permeable skirts have been introduced. Results from sites applying
permeable skirts indicate good DO levels, with a minimum value of 70%
DO over a 3-month period (Stien et al., 2018) and no impact on welfare
status of the salmon (Bui et al., 2020).

The current flow through normal gravity cages, both with and
without skirts, have been studied both through experimental work and
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simulations (i.e. Bi et al., 2013; Zhao et al., 2015; Klebert et al., 2013).
However, in recent years there has been an increasing prevalence of
conical nets (written communication Dybing, Egersund group,
08.09.2020). Little documentation has been obtained on the current
flow around these nets so far, but it is necessary to study the current flow
characteristics around these cages to understand the farm’s biological
footprint, and to ensure that good water quality and fish welfare is
maintained. The same holds valid for cages which are equipped with
permeable skirts. Therefore, in this study, the current flow field around
and through a conical full-scale commercial salmon cage equipped with
a permeable shield was studied. Current speed and direction were
measured both upstream, downstream and inside the cage. The reduc-
tion in current speed from upstream to inside, and from upstream to
downstream were also compared with expected reduction when using
analytical expressions developed for plane nets.

2. Material and methods
2.1. Site description

The measurement campaign was performed 2-5 July 2019 at Fornes
farm owned and operated by Nordlaks Oppdrett AS located in
@ksfjorden, Lofoten islands, Norway (68°24'35.5"N, 15°25'44.8"E,
Fig. 1), and is placed in a fjord which has a narrow strait to the North
leading into a larger basin with depths up to 104 m. The farm consists of
nine cages arranged in a single row from West to East, and spans an area
with a depth of 100 m. Data were collected from the third westernmost
cage, with stocked cages at either sides of the cage.

All cages at Fornes had a circumference of 160 m and were equipped
with conical nets (Fig. 1). The net had a solidity of 0.16 and was 55 m
deep with a concrete weight of 2.4 tonnes in water attached to the tip of
the cone. The shielding skirt applied was a permeable canvas lice skirt
(Norwegian Weather Protection, Frekhaug, Norway) with a solidity of
51%, mesh opening of 350 x 350 pm and a depth of 10 m. The skirt was
weighted with 2 kg/m lead rope at the bottom and installed as a cylinder
around the conical net roughly 10 days prior to measurements were
carried out. The skirt is one piece of fabric installed with a 10 m overlap.
The biomass in the cage during the experiment was 750 tonnes, with
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191 310 fish with an average weight of 3.8 kg.

2.2. Equipment description: ADV and DCP

Current speed and direction outside the cage were recorded using
two current profilers attached to anchoring buoys on both sides of the
cage, pointing downwards with a vertical resolution (cell size) of 1 m. To
the South-West of the cage, in position B (Fig. 1), an Aanderaa SeaGuard
II Doppler current profiler (DCP) measured continuously with a sam-
pling frequency of 0.5 Hz. The DCP had a velocity accuracy of 0.3 cm/s
or +1% of reading, with a velocity resolution of 0.1 cm/s. The data were
averaged and stored every minute. To the North-East of the cage, in
position A (Fig. 1), a Nortek Aquadopp current profiler 400 MHz (ADCP)
was used. The ADCP had a velocity accuracy of £0.5 cm/s or £1% of
measured value, and a horizontal and vertical velocity precision of 0.7
cm/s and 2.2 cm/s, respectively. The data were averaged over every 3rd
minute. As buoy mounted DCPs can experience bias (Mayer et al., 2007),
the first depth cell was excluded from the data set.

Inside the cage the current velocity was measured using Nortek
Vector Acoustic Doppler Velocimeters (ADV) with a sampling rate of 8
Hz, with 120 samples per burst and a burst interval of 60 s. The sampling
volume was 0.18 cm® placed 0.15 m from the probes, and the sensor had
an accuracy +0.5% of measured value +1 mm/s, velocity precision
typical 1% of velocity range (at 16 Hz). The ADVs were suspended from
a buoy at 3, 6, 9 and 12 m depths and placed in the centre of the cage,
position C in Fig. 1. Given the depth of the site it is assumed that the
influence from bathymetry on the measured current speed is negligible.

2.3. Flow velocity reduction

Different studies have been conducted regarding the velocity
reduction behind net panels (reviewed in Klebert et al., 2013) in model
cages (Kristiansen and Faltinsen, 2015) or numerically (Lee et al., 2008;
Bietal., 2014; Kim et al., 2014). Only a few are performed at full scale in
commercial cage with fish (Johansson et al., 2007; Klebert et al., 2015;
Klebert and Su, 2020); the latest being conducted in circular cages with
or with skirt. In this study, a more complex conical cage geometry is
investigated. With a twine thickness (d) of 2.7 mm and a mesh size (s) of
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Fig. 1. Left: Location of the fish farm at Fornes were the measurements were carried out. Right: Shape and dimensions of the cage and shielding skirt studied, and the

location of sensors.
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29 mm, the calculated net solidity (Sn = 2d/s) is 0.19. To estimate the
velocity flow reduction inside the cage and in its wake the expressions
by Lgland (1993) and Fgre et al. (2020) are used. Lgland (1993) pro-
posed a theoretical expression for the non-dimensional velocity reduc-
tion factor r behind a net panel based on the solidity (Sn) of the nets: r =
u,, /Uy where u,, is the flow velocity in the wake of the cage and Uj is the
free-stream velocity. The velocity reduction factor r is defined as r =
1 — 0.46Cy4, where Cy is the drag of the netpanel calculated from Sn with
the following expression C4 = 0.04+ (— 0.04 + 0.33S, + 6.54S2 —
4.88S2). By performing measurements with net panels with solidity (Sn)
ranging from 0.15 to 0.32 Fgre et al. (2020) found that an improved
expression for r was: r = 1.02 — 0.84S,,. In the following the different
formulations for the velocity flow reduction are represented together
with the measurements data at different location.

3. Results and discussion
3.1. Preprocessing of data

Velocity spikes caused by Doppler noise, signal aliasing and distur-
bances from the fish as the cage was fully stocked, were removed by
filtering the raw data from the ADVs using the improved phase space
filter (Goring and Nikora, 2002) for bubbly flows (Birjandi and Bibeau,
2011). Velocity spikes were not replaced, the ADV data were averaged
over 1 min and if more than 50% of the data in a minute had been
removed, the entire minute was excluded from further analyses.

To establish the characteristic of the flow field around a conical net, a
stable incoming current was necessary hence certain critera were set for
the incoming current. Previous measurements at the Fornes farm site in
accord with NS9415 (Standard Norway, 2009) found that the main
current direction was towards North-East (45-60°), and South-West
(210-225°), and that the site was influenced by the tidal current. The
ADCP and DCP data agreed well with this (see Fig. 2 and Fig. 3). The
data from each sensor was therefore averaged over 30 min intervals and
if the current direction in the upstream sensor was between 30° and 75°
or between 200° and 245°, the sample was categorized as Northward or
Southward, respectively.

In addition to these requirements, the standard deviation in the up-
stream sensor during each 30 min sample could not exceed 30°, the
averaged horizontal speed had to be over 0.05 m/s and only dates where
there was little to no signs of density stratifications in the water column
were considered. The criteria set for the current upstream of the cage are
summarised in Table 1.

The current had a clear semi-diurnal tidal pattern (Figs. 2 and 3),
with the Nortek ADCPs current direction measurements appearing less
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structured than the Aanderaa’s DCP. This is partially due to the direction
fluctuating around 0/360°, but also due to the Aanderaa DCP having a
higher temporal resolution and being positioned downstream when the
current was moving Southwards making it appear more structured
throughout the period (Figs. 2 and 3). The stratification of the water
column is evident in Fig. 3 displaying the speed of the Aanderaa’s DCP,
for instance on the 3rd of July when the top layers had a lower speed
than the deeper layers. CTD profiles were also taken irregularly
throughout the campaign and showed a clear pycnocline on the 3rd of
July at 7.5 m depth that gradually moved up to 3 m depth on the 4th
before disappearing on the 5th. CTD data is published in Jonsdottir et al.
(2020). It was therefore only the later periods of the 4th of July and the
5th of July that were relevant for establishing a more or less homoge-
nous current flow field around the conical cage.

The requirements resulted in four data series with the current
heading towards the south with a minimum and maximum average di-
rection of 216° and 244°, and seven data series with the current heading
towards the north with a minimum and maximum average direction of
32° and 75°. The relevant periods are listed in Table 2.

For the ADVs there was an additional condition for the relevant
sampling periods. If more than 16 min of the 30 min averaged over in a
period had been removed when using the phase space filter for bubbly
flow, the sample was removed from further analysis. This requirement
was set to each individual depth, hence some samples have no data from
certain depths (see Figs. 4 and 5).

The short duration of this study and the limited number of periods
satisfying the criteria should be noted. However, given the depth at
Fornes, the clear tidal influence of the site and the farm layout, the re-
sults give an clear indication of how the current flow around a conical
cage differs from that of a cylindrical cage.

3.2. Current flow during selected periods

The average current speed and direction in all sensors were calcu-
lated for the relevant periods listed in Table 2 and are presented in
Figs. 4 and 5. The current speed inside the cage at all depths were lower
than the speed measured upstream of the cage, but was not necessarily
higher than the speed measured downstream of the cage (Figs. 4 and 5).

The maximum average current speed at the inside of the cage was 6
cm/s, while the maximum average current speed outside was 15 cm/s.
The current direction inside of the cage did not always agree with the
current direction upstream and downstream of the cage. The current
downstream and upstream were in relatively good agreement except at
3 m when the current was heading southwards, and a slight disagree-
ment in some of the cases at 3 m and 12 m when heading Northwards.
However, this discrepancy could be influenced by the fluctuation around
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Fig. 2. Current direction recorded by the DCP and ADCP throughout the entire period, respectively. Position of sensors are shown in Fig. 1. Periods described in

Table 2 are marked with vertical lines.
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Fig. 3. Horizontal current speed recorded by the DCP and ADCP throughout the entire period, respectively. Position of sensors are shown in Fig. 1. Periods described

in Table 2 are marked with vertical lines.

Table 1
Criteria for each 30-min averaged sample current upstream of the
cage to be included in further analysis.

Criteria
Northward 30°< direction < 75°
Southward 200°< direction < 245°
Current speed > 0.05 m/s
Std. direction < 30°

Table 2
Periods where the upstream current has passed the set requirements summarised
in Table 1.

Northward Southward
Name Date and Time Name Date and Time
N1 04-07-19 19:30-20:00 S1 05-07-19 02:15-02:45
N2 04-07-19 20:00-20:30 S2 05-07-19 02:45-03:15
N3 04-07-19 20:30-21:00 S3 05-07-19 03:15-03:45
N4 04-07-19 21:00-21:30 S4 05-07-19 03:45-04:15
N5 05-07-19 06:30-07:00
N6 05-07-19 07:00-07:30
N7 05-07-19 07:30-08:00

0/360°.

The difference in direction between inside and upstream of the cage
could be caused by the recirculation pattern seen in Lien et al. (2014). As
this pattern was not observed when fish was present in a shielded cage
(Klebert and Su, 2020), it is however more likely that this variation in
direction was caused by the very low current speeds inside the cage.

3.3. Flow through cage and net

To compare data from different sensors the characteristic horizontal
current speed was established by averaging the horizontal speed in each
sensor over all sample periods defined in Table 2 for each depth. To
ensure that there were no topographic effects or other effects dependent
on the direction of the current, the two groups Northwards and South-
wards were preserved. The characteristics horizontal current speed was
then normalized using the maximum averaged horizontal current speed
recorded upstream independent of depth (Fig. 6).

The results from this study differ from those observed in unshielded
cylindrical cages. The current through an unshielded cylindrical cage
had a linear reduction from the sensor upstream to the sensor down-
stream (Klebert et al., 2015). Downstream of the cage there was a
reduction in current speed the entire depth of the cage, and below the

cage there was an acceleration of the current (Klebert et al., 2015). No
such acceleration could be observed in this study due to the spatial
limitation of the sensors, but it is unlikely that any such acceleration
would have occurred at Fornes due to its conical shape.

In the upper 22 m of the 55 m deep conical cage there was a clear
reduction in current speed downstream independently of current di-
rection, similar to that observed for cylindrical cages. Below 22 m
however there was no visible blocking effect from the cage (Fig. 6). This
is likely due to the tapered shape and smaller diameter of the cage at that
depth, which is only 28 m. The reduction in speed downstream was at its
highest in the upper 10 m of the cage. This is particularly clear for the
current that was heading Southwards, which has an increase in
normalized current speed from 9 m depth and deeper. This pattern was
not as evident in the downstream current heading Northwards, but the
highest reduction rates were still within the top 10 m. These results
indicate that the permeable skirt enhanced the reduction of current flow
downstream of the cage.

The current flow upstream also appear to be influenced by the skirt
with a non-linear response upstream of the skirt volume and a near
linear response from 9 m when the current was heading Northward
(Fig. 6). The skirt could have influenced the current upstream by
decelerating the incoming current flow. As the effect was not constant
upstream of the skirt, the slower velocity closer to the surface could have
been caused by the stratification at Fornes. The hydrographic conditions
at Fornes are detailed in Jonsdottir et al. (2020), and describe a pyc-
nocline that broke down from the 2nd to the 5th of July. On the 4th of
July a weak pycnocline was present at roughly 2 m depth with homo-
geneous water below, while the water column was homogeneous on the
5th. It was assumed that the pycnocline would have little effect on the
characteristic current flow as the normalized current speed was deter-
mined by averaging over data from late on 4 ™ and the 5 ™ of July.
However, given the position of the pycnocline, it is possible that it had
some effect on the current speed at 3 m depth.

The increase in current speed downstream of the cage at 9 m when
the current was heading southwards could be due to deformations of the
skirt. When the current speed is sufficiently high the upstream section of
the skirt can creep upwards as it is pushed into the cage, while the
downstream section will lift and stand out like a sail (Lien et al., 2014).
How the downstream section deforms is dependent on if the skirt is
installed as one whole piece or as a long piece of fabric where the ends
overlap. At Fornes the skirt was installed as one piece of fabric over-
lapping at the south side of the cage. At the overlap the skirt was
observed to balloon out behind the cage up to several meters at times
(Fig. 7). The ballooning in Fig. 7 was probably due to the shorter period
of currents close to 20 cm/s just prior to the picture being taken (Fig. 3).
A preliminary study at the same site in 2018 observed skirt deformations
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Fig. 6. Average normalized horizontal current speed recorded at each depth in both the upstream, downstream and sensor inside. The maximum average current

speed was slightly below 0.12 m/s for both cases.

Fig. 7. Black line marks the visible edge of the skirt being lifted due to the
current. Black arrows indicate the main current direction (roughly South-West
in this image). Image taken the 4th of July at 13:33 local time. The average
current upstream (Position A) had a horizontal speed of roughly 8 cm/s at this
given time, but had been as high as 20 cm/s only an hour prior, as seen in Fig. 2.
The overlap of the skirt is visible just beneath the bottom arrow.

by use of pressure sensors along the bottom of the skirt and registered
greater vertical deformation of the skirt downstream than upstream
when currents exceeded roughly 13 cm/s (Volent et al., 2020). It should
be noted that the horizontal speed inside and downstream of the cage
were very low during the selected periods (Figs. 4 and 5) so it’s uncer-
tain if the skirt was deforming at all during the chosen periods.

The normalized average current speed on the inside of the cage was
lower or equal to the current speed downstream (Fig. 6), thereby not
replicating the linear reduction through the cage seen for unshielded
cylindrical cages (Klebert et al., 2015). The current speed inside the cage
followed a similar pattern independent of current directions with a
strong average current speed at 3 m depth, the weakest current speed at
6 m depth, and an increase in current speed from 6 to 12 m depth
(Fig. 6). It should also be noted that there were only two samples
included in the Southward data group at 3 m depth (see Fig. 5), which
could explain why the normalized current speed was at its highest inside
the cage at 3 m depth when the current was heading Southwards.

The high reduction at 6 m depth could be due to the vertical posi-
tioning of the biomass in the cage as biomass can increase the reduction
in speed (Klebert and Su, 2020). During this study the stocking density
was 19 kg m~3. Atlantic salmon rarely distributes themselves evenly
vertically in the cage and prefer to swim at deeper depths during the day
and closer to the surface during night (Oppedal et al., 2011). As this
study took place during the summer in Northern Norway the sun never
set, and the continuous daylight may have resulted in the salmon
swimming in a higher density at 6 m and below, thereby reducing the
current speed there more than other layers. Unfortunately, the behav-
iour of the salmon was not monitored during this study.
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3.4. Reduction in current speed

The reduction factor (r) was calculated for 3, 6, 9 and 12 m and
compared with the reduction factor found using the expressions by
Loland (1993) and Fgre et al. (2020) (Fig. 8). The expression by Fore
et al. (2020) was better at estimating the current reduction downstream
of the skirt (Sn = 0.51) than Lgland (1993). This was expected as the
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expression by Fgre et al. (2020) is developed to correctly estimate the
current downstream of nets with high solidity.

The reduction from upstream to inside the cage was however higher
than expected compared with both expressions. This could be due to the
low current speed in this study as the lowest incoming current speed
utilised in Fgre et al. (2020) was 0.25 m/s, compared to 0.05 m/s in this
study. Furthermore, both Lgland (1993) and Fgre et al. (2020) utilised
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Fig. 8. Average reduction ratio (r) between current speed inside and upstream, and downstream and upstream, measured in this study. Expected reduction ratio
behind one net panel and two net panels using Lgland (1993) and Fgre et al. (2020) are also marked using Sn = 0.19 and Sn = 0.51.
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stretched out plane nets. The conical cage in this study had an inclina-
tion angle, which would have increased the reduction, but also had the
opportunity to deform. There could also have been biofouling on both
the net and skirt, which would have increased the solidity and reduction
in current speed through the cage. As the estimate by Fgre et al. (2020)
was good downstream of the cage, but not inside the cage, it could be
that the biomass around the ADVs resulted in low current speeds.
Another reason is that comparing ADV data with ADCP data is not
optimal, as the ADV averages over a very small volume while the ADCP
averages over cell sizes of 1 m.

The highest reduction inside the cage was 86% (r = 0.14) at 6 m
depth. For unshielded cages exposed to currents as strong as 60 cm/s the
reduction from outside to inside is 21.5% at 6 m depth (Klebert et al.,
2015). In another study by Johansson et al. (2014) the reduction inside a
non-shielded cage varied from 0 to 50% when the speed outside was 20
cm/s (Johansson et al., 2014). Given the high biomass in this study,
inclination of the cage, the general low current speeds during the rele-
vant periods and the presence of a shielding skirt, a reduction of 86%
was deemed reasonable.

4. Conclusion

Current speed upstream, downstream and inside a conical full-scale
shielded sea cage were monitored. The velocity measurement inside
the cage showed a more complex flow pattern than for a cylindrical
cage, probably due to the interaction between the permeable skirt and
the conical shape of the cage which could both have affected the dis-
tribution of fish in the water column differently than in a cylindrical
cage. Speed was generally low inside the cage. The weakest current
speed inside the cage was at 6 m depth independently of direction.
Current speed increased beneath this depth. There was a clear reduction
in current speed downstream of the shielding skirt, with the highest
reduction recorded behind the shielded volume. No blocking effect was
observed beneath 22 m depth, probably due to the conical shape of the
cage. The difference in current flow field behind the conical cage
compared with a cylindrical cage may have implications for the
dispersal of waste, feed pellets and microorganisms from the cage
influencing the benthic impact of the farm, and further work should
focus on documenting these differences.
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